Antimicrobial resistance is a public health emergency, placing veterinary antimicrobial use under growing scrutiny. Antimicrobial stewardship, through appropriate use of antimicrobials, is a response to this threat. The need for antimicrobial stewardship in Australian veterinary practices has had limited investigation. A 2016 survey undertaken to investigate antimicrobial usage patterns by Australian veterinarians found that antimicrobial dose rates were varied and often inappropriate. Doses of procaine penicillin in horses and cattle were often low, with 68% and 90% of respondents, respectively, reporting doses that were unlikely to result in plasma concentrations above minimum inhibitory concentrations for common equine and bovine pathogens. Frequency of penicillin administration was also often inappropriate. Gentamicin doses in horses were largely appropriate (89% of dose rates appropriate), but 9% of respondents reported twice daily dosing. Amoxycillin and amoxycillin-clavulanate were administered at the appropriate doses, or above, to dogs and cats by 54% and 70% of respondents, respectively. Here, we explore the potential reasons for inappropriate antimicrobial dose regimens and report that antimicrobial labels often recommend incorrect dose rates and thus may be contributing to poor prescribing practices. Changes to legislation are needed to ensure that antimicrobial drug labels are regularly updated to reflect the dose needed to effectively and safely treat common veterinary pathogens. This will be especially true if changes in legislation restrict antimicrobial use by veterinarians to the uses and doses specified on the label, thus hampering the current momentum towards improved antimicrobial stewardship.
A ntimicrobial resistance (AMR) is regarded as a worldwide public health emergency. 1 In 2016, a review of AMR commissioned by the UK government suggested that approximately 700,000 people have died because of multidrug resistant infections and predicted that by 2050 the mortality rate may exceed 10 million people. 2 Antimicrobials are an essential part of veterinary medicine and their use ensures both the welfare of animals under veterinary care and the ongoing security and safety of food. The misuse of antimicrobials cannot be justified. Antimicrobial stewardship encompasses the full range of measures used to promote appropriate antimicrobial prescribing and reduce the selective pressure for development of AMR.
In 2016, a series of surveys were undertaken to investigate antimicrobial usage patterns by Australian veterinarians. [3] [4] [5] In total, 721 members of the veterinary profession completed the companion animal practice questions, 337 completed the equine practice questions and 212 completed the bovine practice questions. Respondents indicated that they used predominantly low-importance-rating antimicrobials, as defined by the Australian Strategic Technical Advisory Group on AMR. 6 The classes of antimicrobials most frequently administered for prophylaxis during small animal surgery were aminopenicillins (53%), predominantly amoxicillin-clavulanate (40%), and firstgeneration cephalosporins (36%). 3 For equine surgery, the most common class of antimicrobials administered was penicillins, with procaine penicillin selected by 66% of respondents and long-acting penicillins selected by 3.3% of respondents. 4 Other antimicrobials commonly administered to horses were trimethoprim-sulfonamide (17%) and gentamicin (12%). 4 In cattle, penicillins (39% procaine penicillin, 5% long-acting penicillin formulations) and tetracyclines (46% oxytetracycline) were the antimicrobials most commonly administered for surgical prophylaxis. 5 There are multiple sources of information about dose rates that may be used by practitioners, including educational and training materials, authoritative text books and the label recommendations provided by the manufacturers of the drugs (and approved by the Australian Pesticides and Veterinary Medicines Authority). [3] [4] [5] At the time of the survey, guidelines for antimicrobial use were available for companion animals, 7, 8 but not for horses or cattle, although guidelines for these species have been released recently in Australia. 8 The current best-practice dose rate required for procaine penicillin to achieve appropriate plasma concentrations of penicillin in horses is 22,000 IU/kg every 12 h (Table 1) 9-11 and in cattle 22,000 IU/kg every 12-24 h ( Table 2) . 12 However, the label for procaine penicillin for both cattle and horses recommends an intramuscular dose of 20 mL/500 kg (12,000 IU/kg) every 24 h. 13 Similarly, current recommended dose rates for gentamicin in horses are 7.7-9.7 mg/kg once daily, 14 but the labels for gentamicin recommend a dose of 1.5 mg/ kg 15 
Antimicrobial usage patterns
Surveys were undertaken using an online questionnaire to collect information about the respondents, the frequency with which antibiotics were used for specific surgical conditions (including the dose, timing and duration of therapy) and practice policies on antimicrobial use and sources of information on antimicrobials and their use. 3 An aspect of the results that has not been reported previously was the range of dose rates used by equine and companion animal veterinarians.
Equine practitioners prescribed procaine penicillin in doses that varied widely, with 12,000, 15,000 and 22,000 IU/kg most frequently reported ( Figure 1 ). Doses reported were less than the recommended dose in 65% of responses. Procaine penicillin was administered twice daily by 74% of respondents and once daily by 26% of respondents. Trimethoprim-sulfonamide was administered most commonly at 15 or 30 mg/kg ( Figure 1 ) and was administered twice daily by 94% of respondents, with 6% reporting once-daily dosing. Reported trimethoprim-sulfonamide dose rates were less than the recommended dose in 70% of cases. Gentamicin was most commonly administered at 6.6 mg/kg ( Figure 1 ) and once daily by 92% of respondents, with 9% reporting twice-daily dosing. Only 6% of respondents indicated using gentamicin at a dose lower than is commonly recommended.
Companion animal veterinarians most commonly prescribed amoxycillin at a dose rate of 15 mg/kg ( Figure 2 ) and the frequency of administration was most commonly twice daily (99%). Doses reported were lower than the recommended dose in 46% of cases. Amoxycillin-clavulanate was most commonly administered at 12.5 mg/kg or 8.75 mg/kg ( Figure 2 ) and the frequency of administration was most commonly twice daily (99%). Reported doses were lower than the recommended dose in 29% of cases.
Dose rates used by bovine practitioners have been previously reported. 5 The dose of procaine penicillin administered ranged from 7.5 to 24 mg/kg, with the most frequent dose rates being 12.5 mg/kg and 15 mg/kg. 5 Reported doses were lower than the recommended dose in 90% of cases. Procaine penicillin was administered once daily by 96% of respondents using a short-acting formulation and twice daily by 5% of respondents. 5 Similarly, for oxytetracycline the dose range was wide (2.5-13.5 mg/kg), with the most frequent dose rates being 4-5 mg/kg and 10 mg/kg. 5 Reported doses were lower than the recommended dose in 59% of cases. Most respondents reported administering oxytetracycline once daily when using a short-acting formulation (97%), with the remainder reporting that they administered it every 12 h (2.8%). 5 
Discussion
The survey identified a wide range of dose rates in use for common antimicrobials used in horses, consistent with previous findings described in cattle. 5 Of concern is a predominant use of dose rates lower than those required to result in plasma concentrations of the antimicrobial greater than the minimum inhibitory concentrations required for efficacy against common equine and bovine pathogens. 21 The recommended dose and inter-dosing interval for horses and cattle are shown in Tables 1 and 2 , respectively. Comparatively, the dose rates in use for common antimicrobials used in companion animal medicine were mostly at or above those recommended in the literature. 20, 22 Poor teaching of veterinary undergraduates is one potential reason for failure of veterinarians to administer appropriate doses of antimicrobial agents. Veterinary pharmacology is taught as a stand-alone subject in five of the seven veterinary schools in Australia 23,24 (CS, MW, SR, JM, CP, RC, TN, pers. comm. 2017). It is integrated into other courses at the University of Melbourne and James Cook University (RT, pers. comm. 2017). Integration of pharmacology may lead to reduced emphasis and requirement for knowledge in this area. However, appropriate drug doses are taught at all Australian veterinary schools, 4 which is consistent with the data showing Australian university equine veterinarians had 3.2-fold higher odds of compliance with guidelines than general practitioners in the 2016 survey. 4 Thus, it seems unlikely that inappropriate university teaching is the primary reason for under-dosing of antimicrobial agents in equine and bovine practice.
A second potential contributor to inappropriate dosing is the labelling of antimicrobials. Some of the doses recommended on the labels for antimicrobials fall below those now recognised as appropriate. Recommended doses on the labels for procaine penicillin, gentamicin, amoxycillin and amoxycillin-clavulanate are all lower than the current recommendations in the literature. [9] [10] [11] 14, 17, 18 In addition, the label for gentamicin in horses recommends administration three times daily, which is likely to increase the risk of renal toxicity in treated horses. 25 The gentamicin label also carries a 'do not use' clause that prohibits use unless sensitivity testing indicates that other antimicrobials are ineffective. In most jurisdictions in Australia, this clause is legally binding and off-label use in the absence of sensitivity data is, therefore, illegal. Despite this, the majority of practitioners appear to use gentamicin as part of a broader spectrum empirical approach to therapy, including for prophylaxis in compromised surgical scenarios. Although this use would clearly be contrary to the off-label use restrictions, as culture and sensitivity have not been performed prior to use, it is a preferable approach to administration of third-generation cephalosporins or fluoroquinolones, as these are both antimicrobial classes with a highimportance rating. Thus, this label restriction could drive practitioners towards less appropriate therapeutic options if enforced. Inappropriate labels are likely to influence bovine prescribing where the withholding periods for meat and milk declared on the label are only applicable for the labelled dose. Improvements in the accuracy of labels would enable the use of appropriate doses in this species.
Although the dose recommended by the label is likely to be a factor influencing some veterinarians, the label is clearly not the only factor leading to inappropriate antimicrobial dosing. Respondents to our equine survey frequently used off-label (appropriate) doses of gentamicin in horses (89% of dose rates appropriate), but often used labelled (inappropriate) doses of procaine penicillin (32% of dose rates appropriate). The doses of amoxycillin-clavulanate also reflect this, with 23% of companion animal practitioners using the labelled (inappropriate) dose and 50% using an off-label (appropriate) dose. A change in legislation to make off-label use of antimicrobials illegal, without ensuring regular updates to the labelling of veterinary medicines, would clearly be detrimental to the aim of improved antimicrobial stewardship.
The risk of side effects associated with using gentamicin at the labelled dose and inter-dosing interval may have led to an emphasis on the appropriate dosing of this drug, whereas the risk of underdosing procaine penicillin and oxytetracycline is insidious. However, the use of amoxycillin and amoxycillin-clavulanate is largely at an appropriate (off-label) dose and risks of under-dosing of these drugs are also not immediately obvious. It is possible that these differences between companion animal and large animal practitioners are influenced by differences in the source of continuing education or differing opportunities to attend continuing education. The culture within veterinary practices may also contribute to the dose rates used by veterinarians. This may be especially true for recent graduates, who are likely to rely more heavily on the experience of colleagues to guide clinical decision making, or for veterinarians who are not predominantly working in equine or bovine practice and for whom dose rates for these species may not be easily recalled. However, we have not yet evaluated the role of these factors.
Conclusion
Changes to legislation are recommended to ensure that antimicrobial drug labels are regularly updated to reflect the dose needed to effectively and safely treat common veterinary pathogens, as well as to ensure that label restrictions are not driving selection of inappropriate antimicrobials for therapy. This will especially be true if changes in legislation restrict antimicrobial use by veterinarians to that directed by the label. This change would hamper the current momentum towards improved antimicrobial stewardship. Development of evidence-based antimicrobial use guidelines may also improve dose rates used by veterinarians in Australia.
